Abstract A novel nickel-based methanation catalyst has been prepared and tested for CO and CO 2 hydrogenation to synthetic natural gas under various conditions. The catalysts before and after reaction have been characterized using XRD, Laser Raman and IR spectroscopes. It is showed that the novel catalyst can give high methane selectivity and yield at a very broad ranges of temperature and H 2 /CO ratios, although the selectivity to methane increase with the H 2 /CO ratio, which, however, increases with the temperature rising from 200 to 350°C, then gradually decrease. The characterization results showed that the there is surface carbons forming over the catalyst surface, and the nickel crystalline structure changes during the reaction. Despite this, the catalyst still gives the same performance, which suggested that the catalyst can operate in a very broad range conditions.
Introduction
Biomass development is predicted to grow the fastest of all renewable energy in the next decade, although it is already being utilized for a variety of purposes, including biofuels, biopower (electricity), biomaterials, biochemicals (''green chemistry''), and biopellets. The different categories of biomass are all interrelated, and of all the sources of renewable energy, biomass can be most honestly labeled ''home-grown.'' Among these applications, Synthetic Natural Gas (SNG) production from biomass has attracted increasing attention in recent years, due to the rising price of natural gas, the wish for less dependency from natural gas imports and the opportunity of reducing green house gases. Although solid dry biomass has [1] [2] [3] [4] [5] been used directly (e.g., wood and straw) for ages, converting them into SNG has is a more preferential process.
The advantages SNG are, besides the relatively high efficiency of its production, the already existed infrastructure such as pipelines and the efficient end use technologies such as compressed natural gas cars, combined heat and power plants, or combined cycle plant. Therefore, in recent years there has been a dramatic increase interest in the manufacture of a clean, high BTU gas energy source which will meet pipeline standards by synthetic means biomass.
SNG normally is produced through the gasified products, e.g., H 2 and CO-containing gas stream. While a number of metallic species are known to be active and selective methanation catalysts including, inter alia, nickel, ruthenium, cobalt and iron, their application to the manufacture of high BTU or pipeline gas has been less than satisfactory for several reasons. First, methanation reactions are strong exothermic reaction, which easily heats up catalyst to 800°C in an adiabatic reactor. However, these catalyst systems generally cannot stand very high temperature, the reactor temperature needs to be limited to temperatures below 400°C to avoid sintering and deactivation of the catalyst, so the highly exothermic nature of the methanation reaction itself provides severe operational difficulties in controlling catalyst temperature when CO concentration of the feed gas is in the range required for methane-rich gas manufacture. Further, the methanation reaction itself is considered to be a combination of several reactions including the primary reaction and secondary reactions (2) and (3)
The thermodynamic calculation results for this process are shown in Table 1 .
These thermodynamic equilibriums of the reaction 1 shows that the equilibrium yield of methane is adversely effected at high temperatures, i.e., above 900 K, as can be seen, the delta G at 900 K is ?1,742 J/mol, which does not favor the methanation reaction. In fact, it can be seen that reaction (2) is a combination of reaction (1) and the water gas shift reaction (4).
So far, there have been 3 processes proposed for the SNG production, one is high temperature processes [6] [7] [8] [9] [10] , which requires very highly stable catalyst and several steps for heat exchange, so as to cool down the reaction stream to improve the catalyst performance and avoid the catalyst deactivation. Another is to the low-temperature methanation [11] [12] [13] , which proceeds in a reaction configuring with heat exchanger so as to remove the reaction heat quickly, and may have low requirements on the catalyst stability, but requires the catalyst to have high activity and selectivity. So far, the methanation catalyst is normally nickel-based system, which is prepared using impregnation method. The catalyst thus has high dispersion which can also be used in fluidized bed reaction and slurry reactor for SNG production, where the heat transfer is very fast, but attrition is a more important parameter [1, [14] [15] [16] [17] [18] , also the separation of the catalyst particles from the reactor is also an issue.
Recently, a novel reactor system has been developed by Boxenergy Tech Ltd, which can take the reaction heat away in a fixed bed reactor, thus to maintain a constant low isothermal reaction temperature. In such case, the catalyst with low temperature activity and selectivity is more important. Overview of the previous publications, there are few reports on the low-temperature methanation catalyst for SNG production. It has shown that the organic matrix combustion method can give a Fischer-Tropsch catalyst with super high activity [19, 20] , thus in this work, a novel method, e.g., organics assisted catalyst preparation method has been developed, and tested under various conditions, a very nickel based robust methanation catalyst with high activity and selectivity has been developed.
Experimental

Catalyst preparation
The catalyst has been prepared using organic induced partial combustion method. It may be an evolution of the chelating and organic combustion method [21, 22] . In short, a specific amount of 20.8 g Ni(NO 3 ) 2 Á6H 2 O, 1.06 g ZrO(NO 3 ) 2 , and 5 g citric acid are mixed with 20 ml of water, heating to 50°C while stirring for 30 min to form a transparent solution. 10 g of AlOOH (beomite) is then added to the solution, and statically placed under ambient conditions for 4 h, dried at 80°C for 2 h and calcined in static air at 500°C for 4 h to give a black powder. The nickel content in the black powder is analyzed using atom absorption, and the content is 30.1 %. The resultant powder is pelletized using a mechanical pelletizing machine. When using for catalyst, the sample is crushed and sieved into 60-100 mesh particles.
Catalyst testing
Every time, 0.1 g of the crushed NiZrO x /Al 2 O 3 catalyst is loaded in a quartz tube as the reactor. The reactor is Table 1 The thermodynamic calculations of the methanation reaction 1 The above calculation is from: http://www.crct.polymtl.ca/fact/ inserted into a tubular furnace and connected to the gases. The catalyst is activated with 33.3 (vol) % H 2 /N 2 flowing at 70 ml/min and heated at 2°C/min to 350°C and held at this temperature for 2 h. Then the reactor is cooled down to 200°C in the flowing reduction atmosphere. The gas is switched to a gas mixture of N 2 :H 2 :CO = 60:30:10 (volume) with a total following rate of 100 ml/min. when testing CO 2 hydrogenation, the mixture gas is set as N 2 :H 2 :CO 2 = 50:40:10. The other settings are all the same. The products flow through a cold trap where the produced vapour is condensed the flowing rate of the gas in and out were measured using a soap bubble meter, and the dried gaseous product concentration are analyzed using non-dispersive IR spectrometer.
The CO conversion and methane selectivity and yield are calculated as follows:
where V CO , V CH 4 in and out are the volume flowing rate under the ambient conditions calculated from the flowing rate and the content of CO and CH 4 in the inlet and outlet gas stream.
Catalyst characterization XRD diffraction was carried out in a Philips PW1710 diffractometer equipped with Cu Ka radiation to detect the crystalline phase of nickel and alumina and coke after reaction. The morphology of the catalysts before and after reaction was observed in a JEOL-4000EX high-resolution electron microscope with an accelerating voltage of 400 kV. Raman spectra were recorded with a resolution of 2 cm -1 using a Yvon Jobin Labram spectrometer with an He ? laser, running on a back scattered confocal arrangement.
Results and discussion
Normally when CO is hydrogenated, it is firstly converted into -CH 2 -which either link together to form C n H m as liquid hydrocarbons. This is a well-known process for Fischer-Tropsch synthesis [23] [24] [25] [26] . For SNG production, -CH 2 -is expected to further hydrogenated into CH 4 rather than link to form the liquid. In such case, C 2 ? selectivity is more important. In SNG production, CH 4 selectivity as well as yield is more important [13, 15, 27, 28] . Therefore in the following test results, only CH 4 selectivity and yield are presented under various conditions. Figure 1 gives the temperature effect on the CH 4 selectivity and yield of CO hydrogenation test under different conditions. It is seen that the main product is methane, no C 2 ? hydrocarbons were detected, the methanation reaction starts up from 200°C, however, significant CH 4 yield appear from 220°C, which may be due to the low CO conversion, although the methane selectivity is significantly high. The CO selectivity reaches 87 % at 220°C and almost unchanged from 220°C to the reaction temperature to 400°C, while the yield of methane decreases gradually with the methanation temperature. This can be explained by the strong exothermicity of the methanation reaction. The higher methanation temperature may lead to some steam reforming reaction, which is strong endothermic reaction. It is, therefore, inferred that the methanation reaction should be kept at temperatures from 260 to 300°C. However, as showed before, once methanation starts, the generated heat is huge, thus how to remove the reaction heat away quickly is an issue when applying the low-temperature methanation process [29] .
In contrast to the CO methanation, CO 2 hydrogenation to methane showed different trends. As shown in Fig. 2 , the CO 2 hydrogenation starts up at 200°C, although the methane yield is significantly lower, only about 1.4 % over the NiZrO x /Al 2 O 3 catalyst. When the reaction temperature is raised to 250°C, methane selectivity increases to 95 %, while the CH 4 yield is about 35 %. When the methanation temperature rises to 280°C, methane selectivity reaches about 98 %, while the CH 4 yield is about 62 %, suggesting that the catalyst prepared in this way gave a high CH 4 selectivity, although its activity for CO 2 conversion is lower than that for CO hydrogenation. The CH 4 yield reaches the maximum at 340°C, while the CH 4 selectivity is about 98 %, suggesting that the suitable operation conditions for CO 2 methanation is 340°C when pressure is 1 bar. Also the methanation temperatures above 340°C have less effect on the CH 4 selectivity, and CO 2 conversion cannot reach more than 90 %. CO 2 methanation performance with the temperature can be explained by the reaction process steps. Generally, CO 2 hydrogenation has two steps
Reaction 5 is endothermic, and reaction 6 is strong exothermic. The overall reaction heat is less than CO methanation, therefore its CH 4 yield increase in a broader temperature range than the CO only methanation.
The stability of the catalyst for CO methanation with time at 250°C and 1 bar and GHSV of 60,000 h -1 is Appl Petrochem Res (2014) 4:181-188 183 shown in Fig. 3 . The CO conversion under this condition at the start of run is nearly 100 %, although the selectivity to methane is about 95 %, and the CH 4 yield is 92.2 %. The CH 4 selectivity drops to nearly 94 % after 3.5 h running, but changes to 95 %, which drops again after 8 h to 94 %. This change might result from the analysis errors, because the gas products were detected by non-dispersive IR. Thus, it can be inferred that the CH 4 selectivity in fact does not change much during the 600 min time on stream. However, the CH 4 yield as shown by the blue curve in Fig. 3 changes from 92.1 % at the start of the reaction to 89.8 %, which suggests that the CO conversion may drops during the reaction. From the decline trend it can be found that the yield drops faster in the first 260 min, but slower after 430 min. This can be explained by that the fresh catalyst in the initial reaction stage may be more sensitive to the reactants, the reactant can induce the catalyst surface change or leads to carbon deposition, which may cover some active site, thus leading to the activity drop. With the time on stream, the active site tends to go to steady state, the carbon deposition rate is less or equivalent to the carbon hydrogenation rate, thus the yield tends to be stable. It is interesting to see that although the CH 4 yield drops slowly with the time on stream, which may be due to the loss of some active site or the nickel metal sintering, the methane selectivity over the supported nickel catalyst almost unchanged, suggesting that the catalyst active site change or nickel metal structure change does not alter the methanation reaction on the other active sites. The effect of H 2 /CO ratio on the products selectivity has also been studied over the NiZrO x /Al 2 O 3 catalyst. A methanation process normally involves in CO absorption over nickel site, which is then attacked by H 2 to give CH 4 and H 2 O [30] . If there is not enough H 2 around the activated CO, it may convert into carbon and CO 2 . So when H 2 /CO ratio is 1.5, the selectivity to methane is about 80 %, and CO 2 about 20 %, no other hydrocarbons are produced. This suggests that the prepared nickel catalyst can work under low H 2 /CO ratio gas mixture. With the H 2 / CO ratios increasing, the CO 2 selectivity gradually drops, while CH 4 selectivity increases, this is in agreement with the thermodynamic prediction (Fig. 4) . When H 2 /CO ratio reaches the theoretical value for methanation, the CH 4 selectivity is about 84 %, while there is still some CO 2 generated, which may be due to competitive reaction between the Boudart reaction and methanation [23, 31] .
Overview of the above test results shows that the NiZrO x /Al 2 O 3 catalyst prepared in this way has high methane selectivity, little C 2 ? side products are generated. The catalyst showed high activity at low temperature and can operate in a wide range.
The catalyst before and after catalytic test have been characterized using XRD, and the results are shown in Fig. 5 . For XRD pattern (the green curve in Fig. 5 ) of the as prepared catalyst only showed three broad diffraction peaks, which are assigned to the diffraction of gama-Al 2 O 3 [32] [33] [34] . When the catalyst is tested for CO methanation in the mixture of [(N 2 ? CO 2 )/H 2 = 4] at 350°C for 5 h in stream, while the catalyst still had CH 4 selectivity more than 90 % and CO conversion more than 89 %, the XRD patterns of the alumina became sharper, compared to the fresh catalyst sample. This suggests that the catalyst may experience partly crystallization during the reaction. Also diffraction peaks at 38.7, 43.6, 58.5 and 62.5 appeared in this used sample. According to the literature, the peaks at 38.7 and 58.5 are due to the metallic nickel crystal with hcp structure, while the diffraction peaks at 43.6 and 62.5 are ascribed to the diffraction of metallic nickel with fcc structure. The peak of fcc form nickel is much stronger than that of hcp, suggesting that the main phase of nickel after CO 2 hydrogenation is fcc structure [35] . XRD patterns of the spent catalyst from the CO methanation reaction for 600 min is different from the catalyst unloaded from CO 2 methanation reaction. Probably the CO methanation reaction was controlled at 250°C, the Al 2 O 3 support diffraction peak is not as sharp as that from CO 2 system, suggesting that Al 2 O 3 support still keeps most of its amorphous phases. Besides these peaks, there are small diffraction bands at 43.8°, 52.8°and 63.2°o bserved, which correspond to the diffraction of planes of 011, 200 and 220 of nickel crystal. Meanwhile, a small sharp diffraction peak at 27.6°is seen, which can be assigned to the deposited carbon [36, 37] . This suggests that there is carbon formed during the CO hydrogenation although the catalyst is still active.
The spent catalysts from different methanation reactions under various conditions have been measured using Laser Raman spectroscopy. In the fresh catalyst, almost no Raman band can be seen. The Raman spectrum of the spent catalyst after CO 2 methanation showed two distinct peaks at 1,404 and 1,882 cm -1 , and a shoulder peak at around 1,590 cm -1 . According to literatures, the Raman band at 1404 cm -1 can be assigned to the D band, and that at 1,590 cm -1 is due to the G band [38, 39] . The D band has arisen from structure defects or imperfection of graphite, whereas the G band is associated with a splitting of the E 2g stretching mode of graphite. In addition, a very weak D 0 band is present at ca. 1,600 cm -1 as a shoulder of the G band, which has stemmed from the dangling band of disorder graphite. The broad bang at 1,882 cm -1 is unknown, and may need further study.
In the Raman spectrum of the spent catalyst from CO methanation, these peaks intensity increases significantly, suggesting that both D and G bands graphite increase significantly. This implies that over the spent catalyst from CO methanation more carbon is formed over the catalyst surface, which is in agreement with the XRD results (Fig. 6) .
The TEM images of the nickel catalyst from CO methanation and CO 2 methanation are shown in Fig. 7 . The image of the spent catalyst from CO 2 has smaller particles, the nickel particles size ranges from 20 to 60 nm. No whisker carbon is observed in the catalyst surface. The dark black fake may results from nickel particle or amorphous carbon as suggested by Laser Raman. However, in the TEM images of spent nickel from CO methanation, clearly the nickel particles and the surface carbon sizes are bigger, as suggested by XRD and Laser Raman. More carbon formed in the spent catalyst from CO methanation, However, no whisker carbon were seen over the catalyst, which might be the reason the catalyst is still active even after 600 min time on stream, because it is already pointed out that the whisker carbon normally account for the catalyst deactivation [36, 37] .
Conclusion
Al 2 O 3 supported Ni catalyst for CO x methanation to produce synthetic natural gas has been prepared using organic decomposition method and tested under various conditions. The catalyst prepared from this method catalyses CO methanation from 220°C and CO 2 methanation starting The catalyst showed high stability and CH 4 selectivity for CO methanation, although more surface coke is detected over the catalyst surface.
The nickel crystallite becomes bigger and has different forms in the spent catalyst from CO 2 methanation reactions, while the one from CO methanation has different metallic form and more crystalline carbon. 
